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ABSTRACT: In this research, the effective parameters on fatigue crack growth in metal matrix
nanocomposites were investigated. Materials of the study were aluminum, nickel, magnesium, titanium
and copper and fillers of single-walled carbon nanotubes. Modeling was carried out using abaqus
software and the effect of parameters such as weight percentage of carbon nanotubes, initial crack angle,
initial crack length, material of different backgrounds and sheet thickness was investigated. The analysis
showed that the increase in the initial crack length leads to an increase in the CGR and the number of

cycles of failure. An increase in the initial crack angle leads to a decrease in FGR, resulting in an increase  Keywords:

in the number of fracture cycles. Also, CNTs with higher weight percentages showed more resistance to Nanocomposite
crack growth. By increasing the thickness of plate, FGR decreased and the number of cycles increased Metal Matrix
to complete failure. Finally, by examining the material of nanocomposites, it can be said that the fatigue

strength of materials with single - walled carbon nanotubes is relatively high in the order of mg-al-cu-ni Crack Length
and ti, respectively. The results showed that proper combination of materials and control of the crack — Crack Angle

geometry can help to increase the life of parts.

Fatigue Growth Rate

1- Introduction

The topic of fracture mechanics and strengthening of
cracked structures against crack propagation and growth is
one of the most important fields in mechanical engineering.
Nanocomposites, due to theirunique properties, are recognized
as key materials in a wide range of engineering applications,
including aerospace, automotive, and biomedical industries.
Among these, metal matrix nanocomposites are particularly
susceptible to corrosion, excessive stress, and fracture [1];
therefore, their reinforcement, strength enhancement, and
fracture prevention have become major focuses of current
research. In recent years, the use of carbon nanotubes in the
fabrication of nanocomposites has increased due to their
outstanding mechanical properties. Carbon nanotubes possess
extremely high tensile strength and Young’s modulus, and
these characteristics have attracted considerable attention
from researchers.

Meanwhile, a study titled ‘Investigation of Fracture
Toughness Parameters of Epoxy Matrix Nano- composites
for Various Crack Angles’ by Faridoun et al. in 2012 showed
that adding carbon nanotubes to polymer-based materials
can improve mechanical properties, including fracture
toughness [2]. Also, in a study titled ‘Tensile Properties of
Epoxy Polymer Reinforced with Nanosilica Particles and its
Simulation by XFEM Method in Abaqus Software’ by Wang
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et al. in 2013, it was demonstrated that increasing the content
of nanofillers increases the tensile strength of nanocomposites
[3]. In 2024, Salari and Fatemian investigated crack growth
in metal matrix nanocomposites and showed the impact of
various parameters on the fatigue life of the structure [4].

2- Relationship Governing the Problem

In this paper, considering that the performed modeling is
in the macro state, therefore, the best relationships that can
be used to calculate the properties of the nanocomposite are
the mixture rule relationships. This rule is a general term for
a formulation that describes the properties of a composite
material made from two or more substances. The mixture
rule can be used to estimate the equivalent properties of a
composite, such as: density, elastic modulus, Poisson’s ratio,
yield stress, maximum principal stress, and energy release
rate based on the properties and the ratio of the matrix and
filler components.[5-9]

pc=pfvf+pmvm (1)
E =Ev,+Ey, ()
v, = Ufo +0,, (3)
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To define the crack path and growth rate in Abaqus
software, Paris’s law and its transformations within the
software are used, which are as follows:

5—]‘\’, =C(AK)" (7)
N, =CAG“ (8)
5—1‘\’/ =c,(aG,)" )
C,=CE* (10)
C=3 (11)

Using the coefficients C and m in Paris’s equation, the
crack growth rate in Abaqus software can be determined,
which is represented by the parameters C1, C2, C3, C4.

3- Finite Element Analysis

For the simulation of the model, a square sheet with
dimensions of 1.0 by 1.0 meter and a thickness of 0.003
meters, along with an initial crack of 0.05 meters in length,
was considered and modeled in Abaqus software. In this
research, the crack is considered to be an edge crack. Then,
to investigate the parameters mentioned in the problem
description section, the material properties were applied to the
model by combining single-walled and multi-walled carbon
nanotubes with the aforementioned metal matrices at weight
percentages of 0.5%, 1%, 1.5%, 3%, and 5%, according to
the table below.

4- Results and Discussion

This paper analyzed the fatigue crack growth in metal-
matrix nanocomposites reinforced with carbon nanotubes.
For this study, five matrix materials were selected: aluminum,
nickel, magnesium, titanium, and copper. Subsequently,
to analyze and study the fatigue crack growth, parameters
such as initial crack length, initial crack orientation, weight
percentage of single-walled carbon nanotubes, the type
of metal used in the nanocomposite matrix, and the sheet
thickness were investigated using the finite element software
ABAQUS. The summary of the results is as follows: a)
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Table 1. Al + SWCNT 0.5%.

. C1 C2 C3 C4
Composites

(cycle/Pa‘?) (Unitless)  (m/cycle/Pa*!) (Unit less)
Al (6061-
T6)+swent 15.8712 -2.1028 0.0228 1.5745

[10]

Fig. 1. Modeled sheet view in Abaqus.

With the increase in initial crack length, the slope of the
crack length curve increases, and the crack growth rate
also increases. In other words, as the initial crack length
increases, the initial stress intensity factor increases, leading
to an increased fatigue growth rate and a reduced number of
cycles to complete fracture of the component. Essentially,
the component fails sooner. b) With the increase in the initial
crack angle, the equivalent stress intensity factor, or the total
energy release rate (G, decreases, consequently reducing
the fatigue growth rate and increasing the number of cycles
to complete fracture of the component. This means the
component fails later.

In other words, as the crack angle increases, the effect of
Mode II is enhanced, and the effect of Mode I is reduced.
Since Mode I is more dangerous for crack growth, this results
in a reduced crack growth rate and an increased number of
cycles. Therefore, a crack angle of zero degrees (pure Mode
I) leads to earlier failure, and vice versa. ¢) Based on the
obtained results, it can be stated that with an increase in the
weight percentage of single-walled carbon nanotubes, the
slope of the crack length versus the number of cycles curve
decreases because the fatigue growth rate is reduced, and
the number of cycles to complete fracture of the component
increases, leading to later failure. In other words, since
the fatigue strength of nanoparticles is greater than that of
the matrix, it is observed that as the weight percentage of
SWCNTs increases, the material’s resistance to crack growth
increases, and the number of cycles to fracture also increases.
d) Given the varying resistance to crack growth in different
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Fig. 1. Crack surface obtained from the combination of
SWCNT nanotubes with different matrices.

nanocomposite matrices, the fatigue crack growth rate and
the number of cycles to fracture for these materials differ.
Based on this, we can conclude that the fatigue strength of
materials combined with single-walled carbon nanotubes,
from lowest to highest, is as follows: Magnesium -
Aluminum - Copper - Nickel - Titanium e) Finally, by
examining the obtained results, it is observed that as the
thickness of the nanocomposite sheet increases, the stress
state transitions from plane stress towards plane strain.
The differing stress components in these two states near
the crack tip cause variations in the fatigue crack growth
rate. With these considerations, it is seen that increasing the
nanocomposite sheet thickness slightly reduces the stress
intensity factor and the fatigue growth rate, and increases
the number of cycles to complete fracture, leading to later
failure. However, these changes are not as significant as
those related to other parameters. It has also been assumed
that the fracture toughness of the material remains constant
and its variations with material thickness are disregarded.
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Table 1. Properties of materials used in the research in the state of SWCNT nanocomposite

with a weight percentage of 0.5%
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Fig. 1. View of the modeled project sheet in Abaqus software.
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Fig. 2. Mesh convergence test diagram.
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Fig. 3. Graph comparing crack length versus number of cycles with reference [43].
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Fig. 4. Crack growth path until the moment of failure for different initial crack lengths.
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Fig. 7. Analysis of the crack growth path until the moment of failure for different initial crack angles.
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Fig. 8. Crack surface obtained from different initial crack angles.
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Table 3. The measured crack length in each cycle for each initial crack angle.
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Table 4. The measured crack length in each cycle for each SWCNT weight percentage (mm).
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Fig. 13. Effect of the applied matrix material on the nanocomposite sheet in the SWCNT state on crack growth.
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Fig. 14. Crack surface obtained from the combination of SWCNT nanotubes with different matrices.
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Table 5. The measured crack length from the combination of SWCNT with different matrices.
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Fig. 15. Graph comparing crack length versus number of cycles from the combination of SWCNT with
different matrices.
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Fig. 16. Crack growth path until the moment of failure at different thicknesses of the nanocomposite sheet.
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Fig. 18. Graph comparing crack length versus number of cycles for each thickness of the nanocomposite
sheet.
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